Abstract --An account on pyranoid sugar enolones is given with respect to their preparation, their use as educts for the synthesis of a variety of 2-deoxy and 4-deoxy sugars functionalised via the enol or carbonyl function, and their conversion into y-pyrones, allowing an evaluation of the biosynthetic pathways for kojic acid and maltol from carbohydrate precursors.
INTRODUCTION
The mono-enol form of a 1,2-diketone, having a carbonyl function situated next to the enol group may be referred to as a 1,2-enolone. This structural unit is often present in natural products, such as, for example, brevifolic acid, a constituent of the ellagitannins (Ref. Sugars containing a 1,2-enolone moiety have not yet been discovered in Nature despite the fact that the fused ring arninocyclitol antibiotic spectinomycin (Ref. 4) as well as uscharidin from the African arrow poison of calotropis (Ref. 5) contain a 2,3-diketosugar in the form of a dioxane type 1-acetal-2-hemiketal. As a free sugar, this 4,6-dideoxy-D-glycero-hexo-2,3-diulose (actinospectose) could be expected to exist in the enolone form, yet, due to its apparent instability towards hydrolytic or pyrolytic conditions, it has eluded isolation and characterisation. There are only two ways in which the structural features of a 1,2-enolone may be incorporated into a pyranoid ring: (a) in the form of a 4-deoxyhexeno-2-ulose (I), which has the enol function at C-3 and the carbonyl group at C-2, and, hence, may be termed a hexose-3,2-enolone(e.g. actinospectose and 1); (b) as a 2-deoxyhexeno-4-ulose (II) , which may be referred to as a hexose -3,4-enolone (e.g. 2) . Sugar enolones of types I and II, their preparation, synthetically useful reactions, and conversion into y-pyrones form the subject of this presentation. Other pyranoid structures that might also be considered as having an enol group next to a carbonyl function, e.g. compounds of types III -V, as enol lactones (e.g. 3) or enediolones (4, 5) may be differentiated from sugar enolones formally as well as chemically, and are only partially considered. Sugar enolones have long been postulated as possible intermediates in the formation of y-pyrones from hexose derivatives. Isbell in 1944 (Ref. 6) formulated a hexose-3,2-enolone to mechanistically rationalise the conversion of Maurer's "tetra-acetyl glucosone hydrate" into diacetylkojic acid (Refs. 7, 8) , and Lemieux and Wolfrom (Ref. 9 ) postulated a 3,4-enolone intermediate of type II to account for the ready formation of maltel from the streptose portion of Streptomycin on treatment with alkali. However, it is only within the last decade that sugar enolones of types I and II, usually as acyl derivatives, have been prepared and unarnbigously characterised (Refs. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , thereby allowing a systematic evaluation of their synthetic potential in carbohydrate chemistry as well as an assessment of y-pyrone formation therefrom with respect to the biosynthesis of kojic acid and maltol from carbohydrate precursors.
SYNTHESIS OF SUGAR ENOLONES .
The propensity of acylated hexopyranosiduloses for ß-elimination of acyloxy groups is exceptionally facile, as first observed in attempts to purify the uloside (7) obtained by ruthenium tetroxide oxidation of the glucoside (6) . Chromatography on silica gel, sufficed to eliminate benzoic acid from the 3,4-position to give the enolone (8) 
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The preparation of hexose-3,4-enolones can similarly be effected. When methyl 2,3,6-tri-0-benzoyl-a-D-galactoside (14) was treated with methyl sulfoxideacetic anhydride the 4-uloside formed-rs detectable in the reaction mixture by h.m.r. spectroscopy, yet its isolation therefrom in pure form met with difficulties due to its tendecy to lose of benzoic acid. After 48 h at room temperature the highly crystalline enolone (2) was isolable (>60 %) (Ref. 23) .
Since the aduct (14) is available from methyl a-D-galactoside via benzoylation (Ref. 25) , (~) is a most readily accessible 3,4-enolone.
For the partially acetylated 3-aminosugar derivative (~) a similar Oxidationelimination sequence may be anticipated, and was experimentally verified, affording in addition to an undesired byproduct, the 4-methylthiomethyl ethe~ the 3-acetamidoenone (~) which is logically termed a 3, 
3,4-ENAMINONE
Another approach which has proved to be exceptionally facile and effective for the preparation of 3,2-enolones, involves halogenation of 2-hydroxyglycal esters and subsequent hydrolysis, and can be applied with equal ease to hexose, 6-deoxy-hexose or pentose derivatives. Chlorination or bromination of the benzoylated hydroxyglycal (12, R = H, Me, CH 2 0Bz) in a non-polar solvent proceeds with almost exclusive formation of cis-adducts (Refs. 21, 22, [26] [27] [28] , a coursethat is easily understood on the basis 1,2-benzoxonium ion intermediates. However, the factors governing the ratios of cis-adducts, i.e. a 3:1 preponderance of halogen attack from above the plane of the pyranose ring in the hexose case and an opposite ration for 6-deoxyhexose derivatives, is less easily rationalised, yet must be due to different conforma·tional arrangements in the 2-hydroxyglycal esters. As in the case of 2, 3, 4, , the interconversion equilibrima between the two half-chair conformations (4H 5~5 H 4 ) in the tetrabenzoyl-hexenitol (12, R = CH 2 0Bz) lies on the 5H 4 side on the basis of n.m.r. data (J 4 = 3.9 and J 4 5 = 4.7 Hz in benzene) andin this preferred conformation t~~ axial 4-0Bz may exert a significant steric hindrance towards initial chlorine attack at C-2 from the ß-side. This restriction is lightened in the 6-deoxyhexose derived glycal (17, R = Me) in which the conformation equilibrium appears to be shifted towards the 4H 5 form (J 3 4 = 4.5 and J 4 5 = 6.0 Hz), thus preferentially leading to C-2-addition of the chloronium ion from the less hindered a-side. Nonetheless,it is obvious, that further investigations are needed to more concretely explain these steric preferences, in particular with respect to the Observation that the product distribution varies somewhat with the polarity of the solvent used for halogenation. 
In this context, it may be mentioned that configurational assignments to these dihalides presented a problem. Whereas the configuration at the anomeric carbon could be delineated from the chemical shift of the singlet for H-1, and also from titanium tetrahalide-induced anomerisations (Ref. 22, 26, 27) , information on the chirality at the tertiary carbo~3 could be provided only indirectly, i.e. by comparison of their 1H-and C-n.m.r. data with those of related compounds of known configuration (Ref. 26) , and by an evaluation of their chiroptical properties on the basis of the exciton chirality method the application of which was unarnbiguous only when the benzoyl chromophores added up to high overall chiralities (Ref. 22) . Proof of the configuration at C-2 was furnished by an X-ray crystallographic structure determination of the ~-D-manno dichloride (~, R = CH 2 0Bz; Ref. 22) and the ß-D-xylo dichloride (18, R = H; Ref 30) . As clearly revealed by Fig. 1 , the two chlorine substituents are ais, Cl-1 being axial as are Bz0-2,3,4. It is remarkable that the 1c conformation is approximated here more closely than in any other xylose derivative for which a "tetra-axial conformation" has been promulgated (Refs. 31, 32) . This situation is clearly bornout by the bond distances between axial substituents, in particular that between 0-2 and 0-4 ( Fig. 2 ), which at 2.67 R is distinctly sho~ter than those observed for tri-0-benzoyl-ß-D-xylosyl bromide (21, 2.81 Ä) and ß-D-xylose tetrabenzoate (22, 2.88 R) . Also, the dihedral-angles Cl-1/Bz0-2 in (20) These 1,2-dihalo sugars exhibit distinct reactivity differences towards hydrolysis (Refs. 22, 27) . The ß-D-gluco-dibromide, which is the most reactive of the cis-adducts, is hydrolysed on treatment with silver carbonate in aqueous acetone at room temperature, to give exclusively the corresponding ~-hexosulose, a reaction undoubtedly proceeding via initial removal of the anomeric substituent, formation of an orthoester type intermediate, and subsequent extrusion of HX. The ß-D-gluco dichloride is unaffected under these conditions, and requires prolonged heating for conversion into the ~-ulose.
Hydrolysis of the ~-D-manno dihalides to give the corresponding ß-hexosulose via an analogaus mechanism is still less readily elicited, the dibromide responding only to prolonged treatment with silver carbonate in aqueous acetone, whereas the dichloride required heating with silver perchlorate.
Since similar reactivity differences are observed for the 6-deoxyhexose and pentose dihalides, hydrolysis of the corresponding ~-and ß-dibromides, being the more reactive compounds, constitutes a facile and preparatively satisfactory access to perbenzoylated ß-as well as ~-pyranosuloses, and also, due to their ready elimination of benzoic acid, to the 3,2-enolones. This latter conversion is effected simply by gentle heating in benzene with moist sodium hydrogen carbonate.
This approach to 3,2-enolones requires isolation of the 1,2-dihalo sugars obtained by halogenation of the respective hydroxyglycal esters, since fractionation of the anomers at the ulose or enolone stage is not feasable. However, in many cases, separations can be avoided as, for example, in the preparation of the highly crystalline tribenzoylenolone (l) from the hexenitOL (23) . At low temperature, chlorination of (23) affords a mixture of ~-D-manno dichloride (24) and the benzoxonium salt (25) , which only at room temperature is converted-rnto the ß-D-gluao dichloride~26). Hence, when a low temperature chlorination of (23) is followed by hydrolysis with water, a mixture of 24 and the hexosulose-27 is obtained, which on brief treatment with boiling--benzene and moist sodium hydrogen carbonate yields enolone 1, readily separable from 24 by fractional crystallisation. All of these steps can be performed in one-continous Operation providing l in an overall yield of 65%. In view of the somewhat complex inter-relationships for these compounds it is understandable that Maurer (Refs. 33, 34) , who studied the chlorination of (23) 
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A set of reactions analogaus to that of (31) - (36) can be carried out with tri-0-acetyl-D-xylal <11~ H instead of CH 2 0Ac) 1 except that the respective a-pentosulose monohydrate is formed preferentially (Ref. 36) . This result indicates that 1 in the pentose series 1 attack of the peracid from the ß~side is favored in centrast to predominant attack from the a-side for (31) . Thus 1 steric preferences of hydroxyglycal esters for halogen and for peracid addition are identical 1 qualitatively at least.
In applying enolester peroxidation to acylated 3-deoxyhex-2-enoses 1 e.g. (40) 1 one is inclined to expect also hexos-2-uloses via acyloxy-epoxide ~ acyloxyketone rearrangement. However 1 due to the somewhat more vigoraus 
REACTIONS OF ENOLONES
The structural features inherent in pyranoid enolones promise high synthetic potential for the preparation of 2-deoxy and 4-deoxy sugars functionalised via their carbonyl groups at C-4 and C-2, respectively. Thus, they provide a ready access not only to deoxypyranosuloses, but also to a variety of deoxy, amino, and branched chain sugars.
It is noteworthy that 3,2-enolones are remarkably insensitive towards acid, thus allowing a series of reactions in which the enolone system is retained. Treatment of the enolone (1) with trifluoracetic acid at 60° affords the 1-hydroxy analog (41), whereas hydrogen chloride-acetyl chloride or hydrogen bromide-acetic aci~replace the anomeric substituent by halogen. The corresponding halides (42), which are readily isolable in crystalline form, are versatile intermediates for the synthesis of glycosides via alcoholysis, the outcome of which depends on the conditions used. Thus, the ß-enolone (44) with only traces of the a-anomer (8) 
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In contrast, 3,4-enolones are considerably more sensitive towards acid. Although stable towards acetic acid, the enolone (~) undergoes profound changes on dissolution in trifluoroacetic acid, the optical rotation being lost within minutes owing to acid catalysed 4,5-enolisation and subsequent elaboration of the y-pyrone system by expulsion of the anomeric substituent (see below).
However, hydrogenation and hydride reduction may be performed readily. Utilising palladium on charcoal, the olefinic double bond in (2) can be saturated without affecting the carbonyl group, resulting in a-3:1 mixture of the 2-deoxyhexosid-4-uloses with erythro (45) and threo configurations (46). On hydrogenation, using platinum as the-catalyst for saturation of the C=O group, and subsequent de-0-benzoylation, a 2:1 mixture of the 2-deoxy-ribo-(48) and 2-deoxy-arabino-hexosides (49) was obtained, which was readily fractionated, thus affording an alternate~facile access to these compounds via 3, ).
The characterisation of ulosides of the type (45) and (46) was impeded for several reasons. Neither compound could be crystallised~rom the mixture and column chromatography on silica gel afforded syrupy erythro-4-uloside, the threo-isomer and another, highly crystalline product, that turned out to be the erythro-3-uloside (47), obviously formed exclusively from (45) The conversion (45) (2) was reduced with sodium borohydride a similar 2:1 mixture of 2-deoxyhexosides (48) and (49) was obtained, but via a different mechanism: preferential-addition of the hydride species to the carbonyl carbon from the less hindered ß-side (~+50) is followed by an 0-3+0-4 benzoyl migration, thus liberating the carbonyl group at C-3. Subsequently, the resulting erythro-3-uloside (jl) , is reduced with a preponderance of hydride attack from the ß-side to yield (48) and (~). This rationalisation was proved by the isolation of (47), in 44% yield, on reduction of (2) with the less reactive zinc borohydride. Apparently the enolate (51)-in the form of its zinc complex is stable towards hydride addition.-purther substantiation was provided by the formation of a specifically C-4 deuterated erythro-3-uloside (jl) on treatment with zinc borodeuteride and by the 1.6:1 preference of (47) These reactions demonstrate the utility of 3,4-enolones and it is to be expected that Michael and Grignard type additions, presently being studied, will follow an analogous steric course. Two synthetic applications may be noted. First, a facile preparation of the 2-deoxy-D-erythro-4-uloside (52) , which served as a chiral precursor in the synthesis of thromboxane B2 --(Ref. 43), in four simple steps from methyl a-D-galactoside, i.e. 6-0-silylation with tert-butyldiphenylsilyl chloride, benzoylation, oxidation with methyl sulfoxide-acetic anhydride to the enolone, and hydrogenation. Since the last step proceeded almest stereospecifically, the high overall yield of (52) 
2-DEOXY-SUCROSE
The 3,2-enolones are also highly useful as synthetic intermediates. In an essentially stereospecific hydrogenation, the enolone (44) afforded the 4-deoxy-threo-2-uloside as its monohydrate (56), which on hydrogenation, gave almest exclusively methyl 4-deoxy-ß-D-lyxoside (57), only traces of another isomer were detectable by t.l.c. In contact with silica gel, or on prolonged storage, (~) undergoes an 0-3+0-2 benzoyl migration to the erythro-2-uloside (58), which, not unexpectedly in view of many similar reactions, is readily converted into dibenzoyl-2,3-dihydrokojic acid (4) by expulsion of the anomeric substituent. However, the latter product is more easily prepared from the enolone (2) by zinc borohydride reduction in a manner similar to that observed for the-conversion of (2) into (47) 
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Another outgrowth from sugar-3,2-enolones stemmed from the carbohydrate portion of certain cardiac glycosides. The dihydrokojic acid derivative (!) exhibits a close structural relationship to the so-called Herzgift-Methylreduktinsäure, a dihydroallomaltol of high positive optical rotation, obtained on thermal decomposition of calotropis constituents such as calotropine, calactine, gomphoside, and others (Refs. 5, 47). Pyrolytic conditiohs are required, since dioxane-type glycosidic linkages are stable towards acid hydrolysis, and alkali treatment results in the formation of benzilic acid rearrangement products. Thus, it has not been possible to isolate and characterise the sugar unit of these glycosides, which is a 4,6-dideoxy-Dhexosulose of as yet unclarified configuration at C-3, and which we have named calotropinose.
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Calotropine ( A facile access to calotropinose-type sugars is provided by the 6-deoxyhexose-derived enolone (60); readily prepared from tri-0-benzoyl-hydroxyglycal (59) by low temperature chlorination, hydrolysis, and elimination of benzoic acid (Ref. 48) in a sequence analogaus to that used in the hexose series (23~1). When treated with zinc borohydride, (60) was converted into enediolone (61), which is the 0-benzoyl derivative o~the calotropis-derived Herzgift-Methylreduktinsäure. Like the latter, (61) had a high positive optical rotation, proving the absolute configuration of the methyl bearing carbon atom in the calotropis glycosides to be D (or R) as has previously been deduced (Ref. 49 ) from the optical rotation of periodate oxidation products. On saturation of the enolic double bond in the enolone (62), a 4,6-dideoxy-ß-D-threo-hexosidulose (63) was obtained, which is either the 0-benzoyl derivative of methyl calotropinoside or of its 3-epimer {Ref. 48). Moreover, as readily revealed on closer inspection of the enolone formulae (the carbonyl group at C-3 is only masked in the form of the enol ester) {60) and {62) are derivatives of actinospectose, the sugar portion of spectino---mycin-:-Since the inosadiamine portion of this antibiotic has already been synthesised (Ref. 50) , the work now in progress with these enolones should eventually lead to its total synthesis. 
FORMATION OF y-PYRONES FROM SUGAR ENOLONES
Sugar-3,2-enolones, and even more so their 3,4-enolone analogs, are readily converted into the y-pyrone system with a kojic acid and maltel type substitution pattern.
Under mild basic conditions (piperidine in chloreform at room temperature) the enolone glycoside (44) was smoothly converted into dibenzoyl kojic acid (66), undoubtedly via abstraction of the proton vinylogous to the carbonyl group to form the enolate (64) which undergoes 0-4+0-3 benzoyl migration through an orthoacid type intermediate (65) with concomitant expulsion of the anomeric substituent (Refs. 20, 21) .
--However, in anhydrous pyridine at room temperature a different pathway was followed, narnely, elimination of benzoic acid from the 5,6-positions with the formation of the dienone (67) and another product tagether with minor components, all different from~ojic acid or its derivatives. Although (67) could not be isolated, its presence in pyridine solution was proved by --n.m.r. spectroscopy, as well as by subsequent hydrolysis to 6-methoxyallomaltol (68) However, the latter course is only observed with glycosides. 1-Acyloxyenolones, such as (1) and (33), give kojic acidderivatives exclusively in pyr~dine Solution (~efs. 17~18, 20, 21) or thermally. On longer exposure to sod7urn acet~te-acet1c anhydride, ulose (32) was exclusively converted dur1ng 2 h 1nto (33), whereas after 24 h a mixture of (33) and (69) 
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This ready, mechanistically plausible, conversion of hexose-3,2-enolones into kojic acid also has implications for the biological formation of this y-pyrone. A large nurober of fungi, mainly belanging to the genus Aspergillus and Peniaillium, produce kojic acid from carbohydrate sources (Refs. 52, 53), the major biosynthetic pathway comprising the utilisation ot 4 D-glucose with retention of the pyranoid carbon skeleton, as evidenced by C and 3H-labelling studies (Refs. 54, 55) . That the structure of kojic acid may be arrivedat merely by simple oxidation and dehydration of a hexopyranose has always been "an enticing carrot for chemical donkeys" (Ref. 56) , one relevant early biosynthetic concept being the so-called "carving out" theory, comprising oxidation at C-3 and removal of two molecules of water, one from each side (Refs. 57-59). However, the second elimination of water is less readily rationalised since it utilises a proton not activated by a neighboring carbonyl function, especially when considering that the biological entities are most probably the 1-phosphates, thus enhancing the first elimination step.
Conversion of Hexoses into Kojic acid
by Fungi (Aspergillus oryzae l lOxid.
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A pathway involving a 3,2-enolone intermediate appears to be more in line with present organic and biosynthetic mechanistic concepts as well as with the apparent ability of Aspergillus flavus-oryzae molds to form glucosone from glucose (Ref. 60) . It involves oxidation at C-2, elimination of water from the resulting glycosid-2-ulose, and stabilisation of the enolone as the y-pyrone by enolisation and extrusion of the anomeric substituent. These biosynthetic implications are limited to the apparently exclusive formation of kojic acid by molds of the Aspergillus flavus-oryzae group, in contrast to the production of several y-pyrones, among them kojic acid, by bacteria, e.g. by Glueonoaeetobaeter liquefaeiens (Refs. 61, 62) 
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/ Similar implications are associated with the ready conversion of 3,4-enolones into derivatives of maltol. As already mentioned, dissolution of (2) in trifluoroacetic acid results in the forrnation of benzoyloxymaltol (71). Under somewhat less forcing conditions this transforrnation is traceable-in more detail. Treatment of (3) with trichloroacetic acid in chloroform afforded a mixture of products from which (70) and the enediole glycoside (5) could be isolated (Ref. 23) . Thus, this conversion is reasonably explained by an initial 4,5-enolisation followed by an intramolecular 0-3+0-4 benzoyl migration to give (~) from which methanol, and under strongly acidic conditions benzoic acidalso is removed (~+70+11).
The tendency of 2 to generate a y-pyrone with a maltol-type substitution pattern provides-the first direct evidence for the postulated occurence of 3,4-enolone intermediates in the formation of maltol from the streptose portion of streptomycin (Ref. 9) and from a , as well as in the partial conversion of a hexosid-3-ulose into a derivative of hydroxymaltol (Ref. 65 
